ABSTRACT Boron-doped diamond (BDD) is promising as electrocatalyst for alternative material to platinum (Pt) because of its superior chemical stability. Electrochemically catalytic activity of BDD on the redox couple of I − /I 0 was studied by using the electrochemical method. It showed the parabolic dependence on the doping level of boron in diamond and the maximum value was 0.94 µA/cm 2 in terms of the exchanging current density. This value is slightly higher than graphite and smaller than Pt. Additional surface modification of BDD could improve the catalytic activity.
Introduction
Platinum (Pt) has been widely used as the electrode for a lot of applications of electrolysis and battery because it is chemically stable and catalytically active on various types of redox couple. However, it can be degraded chemically under some conditions where it is used. An instance is dissolution of platinum electrode for the long time used as the cathode material of the dye-sensitized solar cell. 1 Therefore, it is necessary to investigate further chemically stable material for electrocatalysis alternative to Pt. Carbon-based materials such as graphite, diamond and carbon nanotube are promising as an alternative to platinum because of their insolubility to most solutions. 2, 3 They have difficulty in forming electrode in the bulk shape by their mechanical characteristics. In addition, graphite and carbon nanotube have problems of adhesion on the substrate and of deposition method when they are used in the film or granular shape. Regarding diamond, film deposition technique of diamond was available in an industrial level and sufficient adhesiveness to the substrate could be obtained. 4, 5 Pure diamond is the electrical insulator and cannot be used as an electrode for electrochemical reactions. Doping of different species such as boron and phosphorus enabled diamond to become electrically conductive. 6, 7 There were many reports on unique catalytic activity of boron-doped diamond (BDD) for electrolysis and decomposition 8, 9 while there still leaves a redox couple which catalytic activity on BDD is unknown. Furthermore, BDD was expected to be chemically stable in the presence of iodine because of strong bonds of the constituent atoms in BDD, as supposed from average bond dissociation enthalpies (¦H in kcal/mol) of C-C (83), C-B (90) and C-I (51). 10 The purpose of this study is to clarify electrochemically catalytic activity of BDD and factors to influence on it in a redox couple where Pt is not suitable to be used as the electrode. The catalytic activity of BDD for the I ¹ /I 0 redox couple was evaluated by using electrochemical method.
Experimental
Boron-doped diamond (BDD) was prepared by chemical vapor deposition (CVD) method with the mode transformation microwave plasma. The details of the method were reported in the literature. 11 The experimental conditions of the CVD method are listed in Table 1 . As a boron source, trimethyl borate (B(OCH 3 ) 3 ) was used in this study by dissolving 5 g of boric acid into 100 g of methanol (CH 3 OH). B(OCH 3 ) 3 was vaporized in a vessel at room temperature and carried with a flow of H 2 gas to the reaction chamber of CVD. The substrate for CVD was a coupon of silicon wafer (10 © 10 © 1.0 mm). Before CVD, surface of the substrate was scratched with diamond powder and cleaned with an ultrasonic in acetone. Surface of some specimens obtained by CVD was irradiated by UV light (wavelength: 185 and 254 nm) with a low-pressure mercury lamp. Distance between the specimen and the light source was set 10 mm and irradiation time was 5 minutes.
Conductivity of the specimens was measured by the four probe method with an apparatus of Mitsubishi Petrochemical Co. (Loresta AP MCP-T400). Surface of some specimens was analyzed by X-ray photo-electron microscope (JEOL JPS-90SX).
An electrochemical technique was used to evaluate catalytic activity of the specimen. Three-electrode electrochemical cell connected with a potentiostat (HOKUTO DENKO Co., HZ-5000) was used. The lead was connected to the reverse side of the specimen, which was used as the working electrode. For comparison, plates with 10 mm square of graphite (JFE Chemical Co., density: 1.84 g/cm 3 ) and platinum (The Nilaco Co., purity: 99.98%) were also provided as the working electrode. Their thickness was 1.0 and 0.5 mm, respectively. The counter and the reference electrodes were platinum spiral and rod. In this study, the potential of the working electrode was indicated V versus the iodide/iodine (I Figure 1 shows the relation between the flow rate of carrier gas for B(OCH 3 ) 3 and the electrical conductivity of BDD. The conductivity showed an increasing tendency with the gas flow rate. This tendency can be explained by doping of boron in diamond. Increasing the flow rate of carrier gas for B(OCH 3 ) 3 under the constant flow rate of CH 4 gas as a carbon source to form diamond caused increase in ratio of B/C. The increase in the B/C ratio could enhance a doping level of boron in diamond, resulting in increasing the conductivity of obtained BDD. It was reported that increase in ratio of B/C in gas flow decreased the resistivity of doped diamond. 12 In addition, by the reasons that chemical dissolution of diamond was difficult, boron was hard to be detected with most analytical methods and boron-doped diamond as the standard substance was not easily provided, determination of absolute chemical composition is difficult. Therefore, carrier gas flow rate for B(OCH 3 ) 3 was regarded as an indicator of the doping level of boron in diamond in this study. Figure 2 shows an example of I-V curves on the BDD electrode obtained in this study. Although Pt and graphite showed curves similar to BDD, their current values at a certain overpotential was considerably higher and slightly smaller than that of BDD, respectively. Linear parts were observed in both the anodic and cathodic polarization regions. On the BDD electrode, redox reactions between I ¹ and I 0 were considered to take place reversibly while no reductive and oxidative reactions of BDD were supposed to happen because of its highly chemical stability, as mentioned in the Introduction section. According to the Tafel equation, the exchange current density was determined from current value at the intersection obtained by extrapolating two linear parts. This exchange current density would correlate with the electrochemically catalytic activity for the redox reactions of I ¹ /I 0 . Figure 3 shows the relationship between the carrier gas flow rate and the exchange current density. The exchange current density was increased up to 4.0 SCCM of the carrier gas flow rate while it was decreased over 4.0 SCCM. As mentioned above, the gas flow rate had the positive correlation with the doping level of boron in diamond in this study. The increase in exchange current density with the gas flow rate, i.e. boron content in diamond, was mainly caused by the increase in conductivity of BDD with the boron content (see Fig. 1 ). On the other hand, the decreasing tendency with the gas flow rate, i.e. boron content in diamond, might be caused by a different reason. Boron must be charged negatively in the diamond structure. Negative species such as I ¹ in the electrolyte might avoid to approach to boron sites of the BDD surface, leading to decrease the probability of redox reaction on the BDD electrode with the higher content of boron. In the electrolyte of this study, another negative species I 3 ¹ might be formed according to the following equation, especially at a higher concentration of I ¹ and I 2 ,
Results and Discussion
Formation of I 3 ¹ might promote to decrease the probability of redox reaction on the BDD electrode. For these two factors, relationship between the exchange current density and the carrier gas flow rate i.e. boron content was considered to show parabolic. Table 2 compares the exchange current density of different materials. BDD has slightly larger conductivity than graphite and 1/70 smaller than Pt. By UV treatment, the exchanging current density of a BDD specimen was increased 3.5 times from 2.4 © 10 ¹8 to 8.0 © 10 ¹8 A cm
¹2
. The XPS spectra (O 1s ) of BDD specimen before/after the UV treatment were shown in Fig. 4 . It is known that chemical states of the diamond surface was changed by the UV treatment. A peak was observed in both before/after UV treatment while it was increased by UV treatment. 13 It was attributed to the C=O termination bond on the diamond surface. This fact was confirmed also on the XPS spectra (C 1s ). Although there might be the presence of B=O and B-O, no obvious evidence was detected on the XPS spectra. This result might contribute to make charge transferring faster by a reason such as changes in arrangement of anion I 3 ¹ and I ¹ on the BDD electrode. Surface modification of BDD could enhance the electrochemical catalytic activity.
Conclusion
The electrochemically catalytic activity of boron-doped diamond (BDD) on the redox couple of I ¹ /I 0 was clarified by using the electrochemical method.
The catalytic activity of BDD showed the parabolic dependence on the content of boron and the maximum value was 0.94 µA/cm 2 in terms of the exchanging current density. This value is slightly higher than graphite and smaller than platinum. Modification of surface state of BDD could enhance the catalytic activity.
BDD is promising for alternative material to Pt in terms of chemical stability and possibility to enhance the catalytic activity by some means such as surface treatment with UV irradiation. Electrochemistry, 83(5), 342-344 (2015) 
